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                \begin{document}$$\mathrm {H} $$\end{document}$ mass at the measured value; some examples are Little Higgs \[[@CR3]--[@CR5]\] or Composite Higgs models \[[@CR6]\], in which additional top quark partners with masses at the TeV scale are predicted. Since the left- (LH) and right-handed (RH) chiral components of these particles transform in the same way under the SM electroweak symmetry group, they are often referred to as "vector-like quarks" (VLQs). In contrast to a fourth chiral quark generation, their impact on the $\documentclass[12pt]{minimal}
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Several searches for VLQs have been performed at the CERN LHC, setting lower exclusion limits on the VLQ mass $\documentclass[12pt]{minimal}
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The dominant SM background processes are top quark pair ($\documentclass[12pt]{minimal}
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This paper is organised as follows: Sect. [2](#Sec2){ref-type="sec"} provides a description of the CMS detector. Section [3](#Sec3){ref-type="sec"} introduces the data set and the simulated events. This is followed by the event selection in Sect. [4](#Sec4){ref-type="sec"}, as well as by the description of the reconstruction of the VLQ mass in Sect. [5](#Sec5){ref-type="sec"}. In Sect. [6](#Sec6){ref-type="sec"}, a method to estimate the background is discussed. Systematic uncertainties are detailed in Sect. [7](#Sec7){ref-type="sec"}. The final results of the analysis, as well as the statistical interpretation in terms of exclusion limits, are discussed in Sect. [8](#Sec8){ref-type="sec"}.

The CMS detector and physics objects {#Sec2}
====================================

The central feature of the CMS apparatus is a superconducting solenoid of 6$\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {T}$$\end{document}$. Within the solenoid volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors. Muons are detected in gas-ionisation chambers embedded in the steel flux-return yoke outside the solenoid.

The particle-flow event algorithm \[[@CR33]\] aims to reconstruct and identify each individual particle with an optimised combination of information from the various elements of the CMS detector. The energy of photons is directly obtained from the ECAL measurement, corrected for zero-suppression effects. The energy of electrons is determined from a combination of the electron momentum at the primary interaction vertex, the energy of the corresponding ECAL cluster, and the energy sum of all bremsstrahlung photons spatially compatible with originating from the electron track \[[@CR34]\]. The energy of muons is obtained from the curvature of the corresponding track \[[@CR35]\]. The energy of charged hadrons is determined from a combination of their momentum measured in the tracker and the matching ECAL and HCAL energy deposits, corrected for zero-suppression effects and for the response function of the calorimeters to hadronic showers. Finally, the energy of neutral hadrons is obtained from the corresponding corrected ECAL and HCAL energy.

The reconstructed vertex with the largest value of summed physics-object $\documentclass[12pt]{minimal}
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A more detailed description of the CMS detector, together with a definition of the coordinate system used and the relevant kinematic variables, can be found in Ref. \[[@CR38]\].

Data and simulated samples {#Sec3}
==========================
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For the study of dominant SM background processes and for the validation of the background estimation, simulated samples using Monte Carlo (MC) techniques are used. The top quark pair production via the strong interaction and single top quark production in the *t*-channel, and the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {t}\mathrm {W} $$\end{document}$ process are generated with the next-to-leading-order (NLO) generator [powheg]{.smallcaps} \[[@CR41]--[@CR43]\] (version v2 is used for the first two and version v1 for the third). The event generator [MadGraph]{.smallcaps} 5_a[mc\@nlo]{.smallcaps} (v2.2.2) \[[@CR44]\] at NLO is used for single top quark production in the *s*-channel. The $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {Z} $$\end{document}$+jets events are produced at LO with the MLM parton matching scheme \[[@CR46]\]. The production of quantum chromodynamics (QCD) multijet events has been simulated at LO using [pythia]{.smallcaps} \[[@CR47]\]. All generated events are interfaced with [pythia]{.smallcaps} for the description of the parton shower and hadronisation. The parton distribution functions (PDFs) are taken from the NNPDF 3.0 \[[@CR48]\] sets, with the precision matching that of the matrix element calculations. The underlying event tune is CUETP8M1 \[[@CR49], [@CR50]\], except for the simulation of top quark pairs and single top quark production in the *t*-channel, which use CUETP8M2T4 \[[@CR51]\].

Signal events are generated at LO using [MadGraph]{.smallcaps} 5_a[mc\@nlo]{.smallcaps} for $\documentclass[12pt]{minimal}
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Event selection {#Sec4}
===============
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Mass reconstruction {#Sec5}
===================
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Background estimation {#Sec6}
=====================

The data sample obtained after the selection is then divided into a signal region with a jet in the forward region of the detector with $\documentclass[12pt]{minimal}
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In order to validate the VLQ mass reconstruction, data are compared to simulation in the control region. In Fig. [3](#Fig3){ref-type="fig"} the distributions of $\documentclass[12pt]{minimal}
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In order to validate the background estimation, a validation region is constructed from requiring events with reconstruction *p*-values smaller than 0.08. The *p*-values are calculated as the probability of obtaining the $\documentclass[12pt]{minimal}
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Systematic uncertainties {#Sec7}
========================

Systematic uncertainties can affect both the overall normalisation of background components and the shapes of the $\documentclass[12pt]{minimal}
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                \begin{document}$$m_\mathrm {reco}$$\end{document}$. Compared to these uncertainties, the effects from uncertainties in the SM simulations are negligible on the background estimation, as these cancel to a large degree when building the ratios between signal and control regions. The uncertainties in the overall normalisation of the background predictions are obtained from a fit to the data in the signal region.

Uncertainties in the MC simulation are applied to all simulated signal events. In the following, the systematic uncertainties are summarized.The uncertainty in the integrated luminosity measurement recorded with the CMS detector in the 2016 run at $\documentclass[12pt]{minimal}
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